Al-doped ZnO thin films were prepared on the (0001) sapphire (c-Al 2 O 3 ) substrates by atomic layer deposition (ALD) using alternating pulses of Zn(C 2 H 5 ) 2 , Al(CH 3 ) 3 and H 2 O precursors and post-deposition high-temperature annealing. Photoluminescence (PL) spectroscopy showed that the threshold of stimulated emission decreases with increasing Al concentration, from 49.2 kW/cm 2 of the ZnO film to 12.2 kW/ cm 2 of the ZnO film nominally containing 4% Al. This reduction is attributable to the increase in the optical scattering resulting from segregation of excess Al in heavily Al-doped ZnO films. The structure of these films was investigated by analytical scanning-transmission electron microscopy (STEM) as well as X-ray diffraction (XRD). It was revealed that a single crystal ZnO layer containing a small amount of Al is formed with the orientation relation with respect to the c-Al layer is formed between the ZnO layer and the c-Al 2 O 3 substrate. The electron microscopy observation accounts for the results of the electro-optical experiments. The growth mechanism of the observed two layers is discussed.
Introduction
Zinc oxide is one of promising materials for ultraviolet (UV) photonic devices because of the high direct band-gap energy of 3.37 eV at room temperature and the large exciton binding energy up to 60 meV, exhibiting various chemical, environmental and economical advantages. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Many techniques have been utilized for growing high-quality ZnO films, such as molecular beam epitaxy, [1] [2] [3] metal-organic chemical vapor deposition, 4, 5) hybrid beam deposition, 6) chemical vapor deposition 7, 8) and pulsed laser deposition (PLD). 9, 10) Another prospective method for preparing ZnO films is atomic layer deposition (ALD). [11] [12] [13] ALD is a surface-controlled process for depositing materials with atomic-layer accuracy. One of the presenting authors and his colleagues prepared high-quality ZnO thin films on the (0001)-sapphire (c-Al 2 O 3 ) substrates by ALD, and observed stimulated emission from the ZnO films. 14) They have also fabricated light-emitting diodes (LEDs) composed of n-ZnO/ p-GaN heterojunction, 15) n-ZnO:Al/SiO 2 -ZnO nanocomposite/p-GaN:Mg 16, 17) and n-ZnO/ZnO nanodots-SiO 2 composite/p-AlGaN by ALD, 18) all of which emitted significant UV electroluminescence from the n-ZnO layers. In addition to the application in UV photonic devices, ZnO is also known as a transparent conductive oxide. The doping of ZnO with group-III impurities such as Al improves electrical conductivity. Recently, Wang et al., 19) who investigated undoped ZnO thin films grown on the c-Al 2 O 3 substrate at 600 C by PLD, have reported an increase in electron concentration and lowering of the threshold of optical-pumped stimulated emission from ZnO by thermal annealing (900 C, 2 h). They attributed this phenomenon to diffusion of Al from Al 2 O 3 into ZnO, assuming the formation of a ZnAl 2 O 4 crystalline layer at the ZnO/Al 2 O 3 interface.
In our work, we employed an ALD technique followed by high-temperature annealing to prepare heavily Al-doped ZnO (ZnO:Al) films. The electrical and optical properties, as well as the structure of the prepared films were investigated to elucidate the effect and behavior of Al doping.
Experiment
Heavily Al-doped ZnO thin films were deposited on the c-Al 2 O 3 substrate at a temperature as low as 180 C by ALD using alternating pulses of Zn(C 2 H 5 ) 2 (Diethylzinc, DEZn), Al(CH 3 ) 3 (Trimethylaluminum, TMA) and H 2 O vapor in an N 2 carrier gas flow. The ALD process consisted of two kinds of cycles; cycle I contained the following sequence: DEZn, 0:01 s ! N 2 purge, 5 s ! H 2 O, 0:1 s ! N 2 purge, 5 s for the growth of ZnO, and cycle II contained TMA, 0:03 s ! N 2 purge, 5 s ! H 2 O, 0:1 s ! N 2 purge, 5 s for the doping of Al. The total number of the ALD cycles was 1500, where one cycle of II was performed every 49 cycles of I to prepare nominal ZnO:Al (2%) film, as shown in Fig. 1 . To prepare nominal ZnO:Al (4%) film, one cycle of II was performed every 24 cycles of I. After deposition, the films were annealed at 1000 C for 2 h in N 2 atmosphere to homogenize the composites and improve the crystallinity.
The post-annealed ZnO:Al films were analyzed by means of photoluminescence (PL), Hall effect measurement with the van der Pauw configuration, X-ray diffraction (XRD) and analytical scanning-transmission electron microscopy (STEM). The room temperature PL spectra of the ZnO:Al films were measured using a fourth harmonic Q-switched Nd:YAG laser (266 nm, 10 ns, 15 Hz) as the excitation source, in the standard backscattering configuration. For analytical STEM observation, the specimens with a lowindex zone axis were embedded into Ti rings, ground, dimpled, and ion-milled in two steps: until perforation they were ion-milled at 4 keV, beam current of 1.0 mA, incident angle of 10 (Bal-Tec RES010) and additionally ion-milled at low-energy on both sides under oscillation at 300 eV (Technoorg Linda, model IV5). 20) The additional low-energy ion-milling significantly reduced the amorphous layer and artifacts caused by the sputtering. STEM, high-resolution transmission electron microscopy (HRTEM) and energy dispersive X-ray spectroscopy (EDXS) were performed in a JEM-2010F TEM/STEM, operated at 200 keV, equipped with a pole piece of C S ¼ 0:48 mm.
Results and Discussion
Before structural investigation, we examined the electrooptical properties of the prepared specimens. PL spectra from the ZnO film and ZnO:Al (4%) film are shown in Figs. 2(a) and 2(b), respectively. The spontaneous emission, which is associated with the free excitons or bond excitons, 21, 22) was observed at 383 nm with a low excitation intensity. Increase in excitation intensity causes the exciton concentration to reach the Mott density, where the excitons overlap with each other, lose their individual character and become electronhole plasma (EHP). Hence, spectral peaks attributed to EHP appear around 394 nm at high excitation intensities. With further increase in the excitation intensity, the EHP peaks gradually dominate the emission spectrum and shift toward lower energy due to the band-gap renormalization, which are similar to the behavior previously reported. [23] [24] [25] The insets show the plots of the integrated PL intensity versus the excitation intensity. The integrated PL intensity increases rapidly as the excitation intensity is greater than a threshold value. The appearance of the spectral peaks, as well as significant increase in the emission intensity after the threshold indicate that the stimulated emission takes place in the ZnO:Al film. The thresholds for stimulated emission of the ZnO film and the ZnO:Al (4%) film are 49.2 kW/cm 2 and 12.2 kW/cm 2 , respectively. Since the diameter of the incident laser beam used in this study was about 1 mm, which is much larger than the film thickness, it is likely that the stimulated emission was caused by the closed-loop paths in the direction parallel to the film surface via multiple scattering between optical scattering centers and crystalline grains. The scattering of the stimulated emission propagating in the in-plane direction might lead to the observed stimulated emission in the direction perpendicular to the film surface. Table 1 summarizes electrical properties of the ZnO:Al films characterized by the Hall effect measurement, together with the threshold for stimulated emission. All samples exhibited n-type conductivity. The electron concentrations are of the same order of magnitude (10 18 cm À3 ) and only slightly decrease with increasing Al content, suggesting that Al concentration is almost the same among the samples and that a large amount of Al atoms may segregate in heavily doped ZnO:Al films due to the solid solubility limit of Al in ZnO. The solid solubility limit was estimated to be 2 mol% from XRD and Raman spectroscopy by Yoo et al.
26) The segregation of Al might cause optical scattering centers in the ZnO:Al films. The increase in optical scattering centers due to Al doping may facilitate the formation of closed-loop paths for light through multiple optical scattering, leading to the decrease in the threshold of stimulated emission. 27, 28) Additionally, it is clearly seen from Fig. 2(b) that there are The ALD for the ZnO:Al (2%) film is indicated. many narrow spectral peaks appearing upon the emission spectra of the ZnO:Al (4%) film. On the other hand, the undoped ZnO exhibits relatively smooth emission spectra ( Fig. 2(a) ). The appearance of the narrow spectral peaks upon the spectra of the ZnO:Al (4%) may be attributed to the constructive closed-loop paths due to optical scattering provided by the Al segregation in the heavily doped ZnO:Al films. 29) In the Table 1 the data reported by Wang et al. 19) are also included. It is not obvious why ZnO layer prepared by Wang et al. had a higher carrier concentration of 1:6 Â 10 19 cm À3 as compared to our samples, while it had the same order of the threshold with the present samples.
In order to explain the above-mentioned electro-optical and electrical results, XRD and HRTEM/STEM investigations were performed. Figure 3(a) shows XRD patterns of the post-annealed ZnO:Al films. The appearance of strong ZnO (0002) peaks reveals the preferential (0002)-orientation of the ZnO:Al films in respect with c-Al 2 O 3 crystal of the substrate. The full-width at half-maximum (FWHM) of the ZnO (0002) K 1 peaks is shown in Fig. 3(b) . The crystallinity becomes worse with increasing Al concentration that is from 0.08 to 0.12 . Incidentally, the FWHM for the (0002) reflection of the ZnO sample of Wang et al., grown on the cAl 2 O 3 substrate at 600
C by PLD and post annealed at 900 C for 2 h, was 0.15 . 19) The FWHM of our X-ray measurements was obtained from the line profile of -2 scanning which was recorded along the reciprocal vector g in the reciprocal space, while their FWHM was of the !-scanning rocking curve which was recorded along the direction perpendicular to both, the reciprocal vector and the incident X-ray wave vector. Although the scanning manner is different between the two measurements, Fig. 3(b) seems to confirm the good quality of these ZnO crystals. The broadening of the ZnO (0002) peak might result from the distortion of ZnO crystal lattice due to heavy doping of Al. Since the solid solubility limit of Al in ZnO is only 2 mole%, 26) a large amount of Al atoms might segregate from the surrounding ZnO, leading to the dramatic broadening of ZnO (0002) peak in the ZnO:Al (4%).
Figures 4(a) and 4(b) show bright-field (BF) and highangle dark-field (HAADF) STEM images of the ZnO:Al (2%), respectively. We can clearly distinguish three different layers, namely, A, B and C. Figure 5 shows BF-STEM image from an area in the ZnO:Al (2%) with overall EDXS spectrum and the corresponding X-ray mappings using characteristic X-rays emitted from Al, Zn, and O and C. The carbon signal originates from adhesive that was used for STEM specimen preparation and which was deposited on the Ã The present samples heat-treated at 1000 C for 2 h. Structure
specimen surface during the ion-milling, in spite of careful specimen preparation. 20) The mappings reveal that the layer A, characterized only with Al and O emission, is the Al 2 O 3 layer, the layer B is composed of Zn, Al and O, while the layer C is a ZnO layer. This was additionally confirmed by semi-quantitative EDXS analysis shown in Fig. 6 . The probe size that was used for the EDX spectroscopy was $0:5 nm. However, all the EDX spectra were acquired from frames and not from points (spot mode) in order to obtain an average composition from a relatively larger area.
29) The beambroadening effect in this case did not affect the peak intensities and/or the ratios in the EDXS spectra. The EDXS analysis was performed from an area of $10 Â 10 nm 2 , indicated by regions p1$p4. The spectra sp1, sp2, sp3 and sp4 were acquired from the area p1 in layer A, p2 in layer B, and p3 and p4 in layer C, respectively. The spectra sp3 and sp4 reveal that the ZnO in layer C contains a small amount of Al atoms. Figure 7 shows an HRTEM image of an area including layer B and layer C. Fourier transformation (FT) images from the inset squares are also presented. The FT image from the layer C (lower part) reveals that the corresponding image comprises the (0002) and (11 2 20) lattice fringes of the ZnO crystal with the wurtzite structure. Thus, layer C turns out to be ZnO crystal with a little Al content. The images in Fig. 4 , especially the HAADF image, reveal that the whole layer C is more or less perfect single crystal containing some inclusions. Dislocations (indicated by arrowheads) trapped by these inclusions exhibit dark contrast in the BF image and bright contrast in the HAADF image. As shown in our previous paper, 14) the as-deposited ZnO films grown on the c-Al 2 O 3 at 180 C by ALD are composed of grains with an average size as small as $34 nm, which was estimated from X-ray diffraction peak using Scherrer's equation. The contours in layer C in Figs. 7 and 8 indicate strain field, which can be regarded as traces of boundaries between the initial small grains coalesced during the heat treatment at 1000
C for 2 h. The strain is accumulated around the boundaries. The observed dislocations may form in the ZnO during the coalescence process between the initial small grains. The dislocations occurring in the coalescence process are indicated in Fig. 8 . (Fig. 9 ) also reveals the presence of small intensity peaks that are characteristic for the ZnAlO 4 compound. Based on these results it was concluded that the layer B is composed of ZnAl 2 O 4 grains.
It is undoubted that the layer B is the film formed by the reaction of excess Al with ZnO which was assumed from the Hall effect measurements and the strong PL scattering from the ZnO:Al films. The thickness of the layer B is 100 $ 150 nm in the ZnO:Al (2%) and is even larger in the ZnO:Al (4%). Wang et al. 19) reported the formation of ZnAl 2 O 4 layer (60$70 nm thick) at the ZnO/Al 2 O 3 interface heated for 2 h at 900 C. However, our HRTEM observation has not detected any ZnAl 2 O 4 layer in a test sample of ZnO/Al 2 O 3 , prepared by ALD and treated by a rapid thermal annealing (5 min, 950 C). Therefore, the formation of the ZnAlO 4 phase was caused by the long time heat treatment (1000 C for 2 h). In the ALD, ZnO (and also Al 2 O 3 ) molecules are chemisorbed under an orientative influence of the lattices of the c-Al 2 O 3 substrate or the Fig. 6 EDXS analysis of the ZnO:Al (2%) specimen. The sp1, sp2, sp3 and sp4 are EDXS spectra acquired from regions p1 in layer A, p2 in layer B, and p3 and sp4 in layer C, respectively.
Structure
underlying ZnO. This is supposed from our previous X-ray measurement of the as-deposited ZnO film on the cAl 2 O 3 , 14) which exhibited a broad ZnO 0002 peak with a FWHM of 0.245 that decreased to 0.084 (as seen in Fig. 3(b) ) by the post annealing. Therefore, it is assumed that in the early stage of the heat treatment ZnO crystalline embryos nucleate, coalesce with each other, and grow to large grains, keeping the following orientation relation with respect to the c-Al Fig. 9 ) on the natal ZnO crystals. The Al atoms are successively supplied and consequently the ZnAl 2 O 4 crystals grow to form layer B. During the coalescence process, dislocations can occur in layer C, as seen in Fig. 8 . ZnAl 2 O 4 crystals may nucleate on these dislocations or remained boundaries in the C, by supplying Al atoms from sandwiched Al layer. They become inclusions appearing in C in Fig. 4 . The inclusions can be identified as ZnAl 2 O 4 because they have almost the same contrast as that of the layer B in the Z-contrast HAADF-STEM image in Fig. 4(b) . 30) The thickness of layer B and the number (and perhaps size) of the inclusions in the layer C increase with increasing nominal Al concentration in the ALD. The substantial broadening of the ZnO (0002) peak for the ZnO:Al (4%) (as seen in Fig. 3(b) ) is ascribed to strain of ZnO lattices in the layer C, which is accumulated around the grain boundaries, as a result of coalescence inhibited by Al excess, and also around the ZnAl 2 O 4 inclusions. The effect of Aldoping in ZnO in layer C on PL (as seen in Fig. 2 ) and electrical properties (as seen in Table 1 ) are significant. The Hall mobility, which increased once with Al-doping, however, reduced in the ZnO:Al (4%) film (as seen in Fig. 3 ). This is ascribed to the thickened ZnAl 2 O 4 layer (B) and the increase of inclusions in layer C. The concentration of Al solved in the ZnO crystals in layer C might be the same between ZnO:Al (2%) and ZnO:Al (4%) films due to the solid solubility limit of Al in ZnO, resulting in almost the same carrier concentration. Thus, analytical electron microscopy has elucidated the electrical and optical properties of the ZnO:Al films acquired by PL and Hall effect measurements. This indicates that the ZnO:Al film useful for electrical devices can be obtained by the optimization of thickness of layer B and the repression of ZnAl 2 O 4 inclusions in layer C, which are controllable by Al cycles in ALD and the heat annealing.
Conclusion
We investigated the structure of Al-doped ZnO films using X-ray diffraction (XRD) and analytical scanningtransmission electron microscopy (STEM) to elucidate their electro-optical properties that were also examined in the present study. The conclusions can be summarized as follows:
( (2) . The growth of the observed layers was also elucidated. The results of our study identified the most important parameters that determine the properties of ZnO:Al films used for photonic devices. Furthermore, by tailoring processing parameters, it is evident that ALD is one of the most powerful techniques for preparation of thin films with desirable physical properties.
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